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The biggest issue of offshore wind resource assessment is a lack of observational wind 49 data, especially those at turbine heights (Mattar and Borvaran 2016). The observed wind 50 data, in most cases, are very limited in terms of time and space and they are difficult to 51 be used for assessing the wind potential for a broad region. Moreover, a precise 52 assessment requires wind data enabling to encompass a long enough time period with 53 high enough temporal frequency in order to capture the multiple-scale temporal 54 variabilities (Argüeso et al. 2018).
Assessment of offshore wind power in Vietnam may be difficult because, firstly, the 56 country has more than 3000 km of coastline, following the Truong Son mountain range 57 stretching from north to south. In many places, the complex coast's terrain can affect the 58 distribution of offshore winds. Secondly, the country is located in the tropical monsoon 59 region with two distinct wind directions, southwest in the summer months and northeast 60 in the winter months. The annual cycle of seasons implies a strong variability in winds 61 putting a challenge on the stable and efficient operation of wind power plants. 62
Recently, numerical modelling approach with regional climate models (RCMs) has been 63 adopted to assess the offshore wind recourses. RCMs are powerful to generate complete 64 and physically consistent wind data. RCMs allow to estimate winds at given turbine-hub 65 heights, they can also reproduce long-term time series of high frequency outputs, both in 
USA. 71
However, none of such above studies having focused on the offshore wind energy in the 72 Southeast Asia. One exception is the recent study of Doan et al. (2018) that has attempted 73 to simulate the offshore wind over the area limited to the Southern Vietnam using a RCM. 74
However, in their study, the simulated wind data have not been validated against 75 observations. It is still unknown how the numerical modelling approach can perform the wind climate in this region. Besides, even though the numerical simulations in the 77 previous studies are valuable assessing the offshore wind potential, none other than that 78 of Argueso et al. (2018) was run over periods that exceeded a year, thus, they do not 79 provide data on the long-term variability and may lack statistical robustness for wind 80 energy analysis. These study gaps need to be filled. On the other hand, from a practical 81 point of view, the assessment of offshore wind resources in Vietnam is also an urgent 82 issue to cope with the rapidly increasing renewable-energy demand associated with 83 economic development. 84
This study assesses the offshore-wind-power potential over the sea of Vietnam using a 85 state-of-art regional climate model, the Weather Research and Forecasting (WRF) model. 86
The numerical simulation is run for 10-year period (2006 -2015) with the finest 87 resolution of 10 x 10 km that cover whole the Vietnam region to have robust wind data 88 for analyzing. The variabilities of wind power potential in space and time at multiple scale 89 from inter-annual to hourly are fully characterized. To the best of our knowledge, this is 90 the first study describing the offshore wind power generation capacity in the Vietnam 91 region from the climatological view using a numerical method. The results obtained will 92 be useful for the policy makers as well as developers seeking optimal placement of 93 offshore wind farms.
Methods 95

Atmospheric model and simulation design 96
The Weather Research and Forecast (WRF) model version 3.5.1 was used to reproduce 97 the wind climate over the Vietnam region. Model configurations are shown in Table 1 . 98
The model includes two nested grids with grid spacing of the inner most domain 10 x 10 99 km ( Fig. 1 
Estimation of wind power potential 131
Wind power density (WPD), a measure of energy flux through an area perpendicular to 132 the direction of motion, varies with the cube of wind speed and air density. WPD is the 133 defined as,
where is the air density assumed constant of 1.225 ( / 3 ); is instantaneous wind 135 speed; is a total number of hours of the output wind speed data. Wind power density 136 depends on atmospheric variable and is therefore most appropriate for turbine-137 independent evaluations of wind energy potential. Using the hourly wind speed data and the power curve of the turbine ( Fig. S1 in 145 Supplement), the hourly power production from the turbine is calculated by using Eq. 146
(2). 147
The actual energy output ( ) of the wind turbine for hours can be calculated as
where is the hourly power production. is number of hours. 149 (Table 2) . To explain these biases, it is worthwhile to remind that all 6 weather 158 stations are located in small islands of the Vietnam sea ( Fig. 1b) . However, having the 159 resolution of 10 x 10 km, the WRF model is unable to resolve these islands. The land use 160 categories of grid points, corresponding to the location of weather stations, were classified 161 as water surface rather than land (Table 2) in the model. 162
Results and discussions
Additional sensitivity simulations with nesting to finer resolutions demonstrated that the 163 misrepresentation of island land use as water surface could induce underestimation of the 164 surface friction thus resulting in the overprediction of surface wind speed ( Fig. S2 in Supplements). This result is consistent with the finding by Santos-Alamillos (2015). On 166 the other hand, the wind speed at upper air levels has been predicted more consistently 167 by WRF at different resolutions (Fig. S2) . 168 The largest wind speed is seen in the offshore area of Phu Quy island (Binh Thuan 180 province in the south), followed by that of Bach Long Vi island (Quang Ninh province in 181 the north) (Fig. 4) . The maximum surface wind speed at Phu Quy could reach 10 m/s in 182 DFJ; whereas, the maximum at Bach Long Vi was 9 m/s in SON.
Wind power density 184
The WPD calculated from the simulated wind speed at the hub height (105 m) is shown 185 in Fig. 4 . Overall, the offshore wind power potential in Vietnam is characterized by the 186 strong heterogeneity both in space and time. The consistently high value is seen in the 187 area of the Phu Quy island where the WPD could reach above 2000 Wm -2 during DFJ 188 ( Fig. 4a) with the annual mean of 1200 Wm -2 (Fig. 5a ). In the north, the higher value is 189 seen over the Bach Long Vi island, where it could reach above 1200 Wm -2 during SON 190 and the annual mean was greater than 1000 Wm -2 . The offshore areas of the northern and 191 central parts had the relatively lower WPD with the annual mean ranging 600 -700 Wm -192 2 (Fig. 5a ). During inter-monsoon months, i.e., MAM and SON, the WPD was lower and 193 more spatially homogeneous (Fig. 4b, d ). 194
Temporal variabilities of wind power generation is important in designing efficient wind 195 power plants. Here, the annual variability ( Fig. 5b) , i.e., the variation within the annual 196 cycle, of the WPD is defined as the normalized standard deviation of monthly means, the 197 daily variability (Fig. 5c ) defined as the normalized standard deviation of hourly data 198 from the daily mean; the inter-annual variability (Fig. 5d ) defined as the normalized 199 standard deviation of yearly means during 10-year period 2006 -2015. 200 The variabilities at multiple temporal scales look more spatially identical. The annual 201 variability ranged 40 -50 %, and the daily variability ranged 30 -50 % (Fig. 5b, 5c ). The 202
Southeast monsoon circulation, with dominant northeasterly wind during DJF and southwesterly wind during JJA, is a reason for the annual variability of WPD over the 204 offshore area of Vietnam. 205 The comparison between the simulation versus the station observations and the 206
QuikSCAT data demonstrated the good performance on the annual and daily variabilities 207 ( Fig. S4 and S5 ), though the model tended to overestimate the absolute WPD values. The 208 overestimation is seen in particular over Hon Ngu and Ly Son islands, which are located 209 relatively close to the land. Meanwhile, the model tended to underestimate WPD over 210
Truong Sa island which is located far away into the East Vietnam. 211
The inter-annual variability of WPD ranged 10 -30 % lower than the annual and daily 212 variabilities. The inter-annual variability of WPD is strongly influenced by cross-213 equatorial flow in the Indian ocean and negatively correlated with trade wind over the 214 western Pacific ocean during JJA. In contrast, it is highly affected by the Asia continent 215 high pressure during DJF (Fig. S6) . 216
Wind power generation 217
Turbine Vestas V164-8.0, which has the hub height of 105 m and the rated power of 8 218 MW, was chosen for the hypothetical wind farm. The turbine is able to generate power at 219 the "effective" wind speed, i.e., between the cut-in 4 m/s and the cut-out 25 m/s. 220 Understanding the frequency, or fraction of "effective" wind speed to total time, is 221 important for efficient use of the wind turbine.
The simulated results show the strong variation of "effective" wind speed frequency over 223 space and time (Fig. S7) . The highest frequency is seen over the offshore area of Binh 224
Thuan province, which could reach above 95 % in monsoon months, i.e., DFJ and JJA, 225 and being lower about 60 -80 % in inter-monsoon months, i.e., MAM and SON. 226 Interestingly, the frequency was very high of 95 % over Phu Quoc island (southwestern 227 coast) in JJA. This was comparable with that over the offshore area of Binh Thuan 228 province, in spite of the lower the mean WPD observed here (Fig. 4c) . 229
The wind power generation ability was analyzed. Assume the hypothetical turbines are 230 installed over the area of six islands (Fig. 6 ). The simulated result shows that the sea 231 areas of Bach Long Vi and Phu Quy islands can provide the power generation capacity 232 of 38.2 GW, which itself can contribute significantly to the national installed power 233 capacities of 60 GW in 2020 and 130 GW in 2030 as in the latest PDP in Vietnam (GIZ, 234 2016). Note that simulated wind power generation is likely higher than that calculated for 235 the QuikSCAT data (using power-law wind profile with an exponent of 0.11 for wind 236 over open water according to Hsu et al. 1993) . 237
Conclusions 238
This study assessed the offshore-wind-power potential in the Vietnam sea by using the 239 numerical modelling approach with the WRF model. The findings revealed in this study 240 are described as following.
• Vietnam has high potential of offshore wind energy with the wind power density 242 greater than 400 W/m 2 in most offshore areas. However, the wind power potential 243 has strong spatial heterogeneity because of long and narrow geographical 244 characteristics of the country with more than 3000 km long south-north coastline. 245
The largest annual mean wind power density of above 1000 W/ m 2 was found near 246 
